The structural, magnetic, and thermodynamic properties of the Au(001)/Fe(001) interface are investigated as a function of the in-plane strain using density functional theory calculations for two different Au slab thicknesses: 2 and 8 monolayers. The structural and magnetic properties are analyzed by studying the interlayer distance in the direction perpendicular to the interface and the atomic magnetic moments of Fe atoms, as a function of the in-plane strain. The structural study evidences both the bulk elastic and surface and interface contributions. The atomic magnetic moments of Fe atoms are essentially dependent on their local environment (number and distance of the Fe first neighbors). Thermodynamic properties of the interface are investigated through the calculation of the interface energy and interface stress. These thermodynamic quantities are subsequently used in a simple model to evaluate the strain state of an ideal spherical symmetric Fe@Au core-shell nanoparticle. The surface elastic effects are found to be significant for nanoparticles of diameter smaller than ∼20 nm and predominant for diameters smaller than ∼2.3 nm. Interface elastic effects are weaker than surface elastic effects but can not be neglected for very small nanoparticles ( 1.9 nm) or for thin shells.
I. INTRODUCTION
Targeted functionalization of nanoparticles is one of the current major challenges for applications as diverse as optics, catalysis, and biomedicine [1] . In particular, the combination of two types of metals and/or semiconductors together with the effects of the small size of the nanoparticles can significantly increase their potential functionalization [2] [3] [4] .
The case of bimetallic nanoparticles is especially interesting since it combines the chemical order effects with the size effect. Depending on the two considered metals and on the growth conditions, different types of chemical order can occur (an alloy or a Janus, core-shell, or multishell arrangement) [5] . However, beyond the sole effect of the chemical order, the morphology of the nanoparticle can also affect its properties. Indeed, the presence or absence of well-defined crystalline facets on its surface can have a major impact on its properties, in particular on its catalytic reactivity or, for biomedical applications, on its ability to provide well-defined attachment sites for targeted molecules.
In the last decade, investigations were conducted in order to develop the synthesis of nanoparticles formed of wellfaceted heterostructures, with the aim to obtain specific properties [3, 4, 6] . However, the emergence of a particular faceted morphology for a bimetallic nanoparticle is still very poorly understood. It depends on many factors which come into play, including the surface and interfacial energies, the elastic energies, the chemical potentials, etc.
In this work, we investigate the properties of the interface between a gold layer and an iron substrate, encountered in core-shell Fe@Au nanoparticles that were recently grown on a UHV magnetron sputtering setup [7, 8] . Such nanoparticles are potentially interesting for applications since they combine some of the Fe and Au properties. The crystalline iron core shows a significant magnetization and magnetic anisotropy, while the well-defined crystalline facets of the biocompatible Au shell provide some well-controlled anchoring sites for targeted molecules.
A model of the synthesized Fe@Au nanoparticles was derived from the morphological and structural characteristics evidenced by transmission electron microscopy (TEM). The nanoparticles, 8-10 nm large, present a cubic bcc iron core and an epitaxied truncated fcc gold pyramid on each iron cube facet. A sketch of the model is displayed in Fig. 1 .
Taking into account the epitaxial relationship at the gold/iron interface, i.e., Au(001) 
is equal to +0.66% with a Au = 4.08Å [9] and a Fe = 2.866Å [10] being the Au and Fe lattice parameters. As a consequence, regarding (volume) elastic energies, the Fe core is expected to be slightly in expansion while the gold shell is expected to be in compression. In the vicinity of the interface, one can make the assumption that the strain field is biaxial and can be decomposed into a parallel and a perpendicular component. In addition to these (volume) elastic energies, due to the very small size (few nanometers) of the nanoparticles, the surface/interface effects, namely, the surface stress at the free nanoparticle surface and the interface stress at the Au/Fe interface, play a significant role in the strain field of the nanoparticle [11] .
Experimental studies of surface and interface properties are difficult, so there is interest in computing these properties from atomistic simulations. Among them, the density functional theory (DFT) provides a relevant tool to the study of the structural, electronic, and magnetic properties of materials. Surface properties are provided by the DFT modeling of an infinite slab while interface properties can be obtained by the DFT modeling of two joined slabs, one of them playing the role of the substrate. Most of the theoretical works on metallic interfaces have considered an infinite, and thus unstrained, model substrate [8, [12] [13] [14] [15] [16] . Accordingly, in a previous work [8] , we have investigated, using DFT, the properties of the (001)Au/(001)Fe interface as a function of the number of deposited Au layers for an infinite and unstrained Fe substrate.
However, given the size of the observed Fe@Au nanoparticles [7] and following the above arguments, the Fe cube is not unstrained and its elastic state results from the contribution of surface and interface energies and of volume elastic energies.
In this paper, we investigate the effects of the Au shell on the Fe core by calculating the Au/Fe interface properties varying the in-plane interface strain state from the Fe unstrained state (0% of in-plane strain in Fe) to the Au unstrained state (0% of in-plane strain in Au). Sections II and III, respectively, report the simulations methods and the results of our study. Especially, in Secs. III A and III B, the structural and magnetic properties are analyzed in details as a function of the interface strain state. In Sec. III C, the interface stress and energy are extracted from the calculations. Finally, Sec. IV presents a simple model used to evaluate the effects of the surface and interface stresses on the strained state of the Fe@Au nanoparticle.
II. SIMULATION DETAILS
In order to model the Au(001)/Fe(001) interface, a fcc crystalline slab of Au is placed on top of a crystalline bcc slab of Fe, with a rotation at 45
• according to the epitaxial relationship found in the Fe@Au nanoparticle (see Fig. 2 contains only one unit cell of the crystalline structure of both materials in these directions. The in-plane strain of the slabs is imposed by fixing the size of the simulation box in the x and y directions.
The interface system was simulated in the DFT framework using the VASP simulation package [17] . The simulations were performed using projector augmented-wave pseudopotentials with the 3d and 4s electrons as valence electrons for Fe and with the 5d and 6s electrons as valence electrons for Au. A cutoff energy of 600 eV ensures the convergence of the results with respect to the plane-wave basis set. A broadening, using the Methfessel and Paxton scheme of order 1 [18] , was used with a smearing of 0.05 eV for the electron occupation. A k-point grid of 12×12×1 was used following the Monkhosrt-Pack scheme and the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) has been used for the exchange and correlation energy. The choice of this PBE exchange and correlation functional was thoroughly discussed in Ref. [8] . Using this functional, the surface and bulk characteristics of Fe compare well with experiments, whereas those of Au are less satisfactory. In particular, the Au lattice parameter and the (001) surface energy are, respectively, overestimated by +2.3% and underestimated by approximately −41.8%. The other tested exchange and correlation functionals (LDA, PBEsol [19] , and the optBP86 together with a van der Waals dispersion [20] ) improve the description of the bulk and surface properties of Au but deteriorate the ones of Fe. Since the investigated Fe@Au core-shell nanoparticles present a bigger iron core than the Au shell, the PBE functional, well suited for the modeling of iron, has been used throughout this study. A noticeable consequence of this choice is the overestimated value of the lattice mismatch m Au/Fe [Eq. (1)] which is found to be +4.11% at the (001)Au/(001)Fe interface using DFT-PBE calculations, compared to the experimental value of m expt = +0.66%. The error induced by this disagreement on surface and interface properties has been discussed in detail and estimated in Ref. [8] .
In order to impose the in-plane strain of the slabs, the L x and L y sizes of the simulation box are changed from 
where m Au/Fe is the lattice mismatch [Eq. (1)], R xx (resp. R yy ) is the strain tensor component in the xx (resp. yy) direction using the reference R ∈ {Fe,Au}:
In the following, we will also use the parameter ρ which is defined as
thus
The selected L x = L y values thus correspond to in-plane strain values of Fe (resp. Au ) equal to 0% (resp. −3.95%), +0.52% (resp. −3.45%), +1.27% (resp. −2.73%), +2.02% (resp. −2.01%), +3.02% (resp. −1.05%), and +4.11% (resp. 0%). For each L x = L y value, a full optimization of the atomic positions has been performed.
Since the physical properties of the system can be described using both references, either Fe or Au bulk crystals, we have chosen to present the results as a function of the in-plane strain Fe defined with respect to Fe, in the following.
III. RESULTS AND DISCUSSION
A. Structural properties The structural characteristics of the two systems, with 2 Au ML and with 8 Au ML, are very similar. We will first describe and discuss the results obtained for the 8 Au ML system. For Fe = 0% [black circles in Fig. 3(b) ] in the 8 Au ML system, the Fe slab is not subject to any in-plane strain. The relative interlayer distances in Fe are close to the bulk one in the center of the slab and deviate from it at the free surface and at the interface. At the free Fe surface, the relative interlayer distance of the last couple of (001) planes is contracted ( d −11 ≈ −2.0%), while the next one is expanded ( d −10 ≈ +3.5%). Inside the Au slab, the relative interlayer distance converges to a value of ≈+6.8% in the center of the Au slab. This latter value can relevantly be compared to the expectation value Au ⊥ given by the linear elasticity theory: The out-of-plane strain can be expressed as a function of the in-plane strain and of the C for Fe = +4.11% in the Fe bulk, we find Fe ⊥ = −3.6% in close agreement with the reported value in Fig. 3(b) . At the free Fe surface, the system behaves similarly to the case of the unstrained Fe slab, but this behavior is here enhanced: The relative interlayer distance between the last couple of (001)Fe planes is very strongly contracted d −11 = −10.5%, while the next one d −10 = −0.2% almost corresponds the Fe bulk value. Inside the Au slab, the interlayer distance in the center of the Au slab is, as expected, very close from the unstrained bulk one. At the free surface of the Au slab, and similarly to the observation done in the case of a strained Au slab [8] , a contraction is observed d 7 ≈ −1.3%. This contraction only concerns the two (001) planes of the Au slab close to the surface. In the vicinity of the interface, the relative interlayer distance d 1 ≈ +1.4% is significantly larger than in the center of the slab: This phenomenon, already observed in the case of a strained Au slab, is more pronounced here. Beneath the interface, the Fe relative interlayer distance d −1 ≈ −6.6% is strongly contracted while the next one d −2 ≈ −1.7% is significantly larger than the one in the center of the Fe slab.
For values of
Fe between 0% and +4.11%, a monotonous evolution of the relative interlayer distances in both the Fe and the Au slabs is observed. This monotonous evolution is, however, different for the interlayer distances inside the slabs, and for the ones at the surface (or interface).
In order to investigate the surface and interface effects on the relative interlayer distances as a function of the in-plane strain independently on the bulk elastic properties, we define the corrected relative interlayer distance δ cor d i as the difference of the relative interlayer distances and the relative interlayer distances in the bulk material: Such excess strain can be related to the surface strain [11] . Fig. 4 ). Let us now discuss the relative interlayer distances for the 2 Au ML system reported Fig. 3(a) . They behave in a similar way than the ones presented in Fig. 3(b) for the system with 8 Au ML. However, the interlayer distances at the interface, i.e., d 0 , are slightly larger in the 2 Au ML system than in the 8 Au ML system, whatever the in-plane strain. The Au slab is thus closer to the Fe interface layer when more Au layers are deposited. This result will be discussed in the light of the results obtained on the interface energy and on the charge-transfer calculations, which are presented in Sec. III C.
Finally, it is worth noticing that, for all the investigated in-plane strain values, the relative interlayer distance at the free Au surface d 1 is different in the 2 Au ML system with respect to the one in the 8 Au ML system, due to the proximity between the Au surface and the interface. For the two Au slab thicknesses, the Fe atomic magnetic moment follows a similar evolution as a function of the atomic positions. For Fe = 0%, focusing on the 8 Au ML system, the Fe magnetic moment converges to a value of 2.17 μ B /at., very close to its bulk value (2.2 μ B /at.) in the center of the Fe slab. At the free Fe surface, the atomic magnetic moment is strongly enhanced reaching a value of 2.94 μ B /at.. Near the interface, the atomic magnetic moment is also enhanced, although the enhancement is slightly smaller, yielding 2.77 μ B /at.. Both enhancements of the atomic magnetic moment near the free surface and the Au/Fe interface are a consequence of the reduced number of Fe neighbors for these atoms.
For Fe = +4.11%, the Fe magnetic moment significantly increases inside the Fe slab reaching a value of 2.39 μ B /at.. The modification of the atomic magnetic moment as a function of the strain field has already been studied in magnetic materials [21] and in particular in Fe [22] . In the Fe slab, the net result of the increase of the in-plane strain Fe For values of Fe between 0% and +4.11%, a monotonous evolution of the atomic magnetic moments as a function of the atomic positions is observed between the two extreme cases detailed above.
Finally, a small magnetic moment of ≈0.06 μ B /at. is found on the Au atoms in the vicinity of the interface. however, this value scarcely changes with the number of Au planes, or with the in-plane strain. 
C. Thermodynamic properties
In this section, the interface thermodynamic properties are investigated, modeled using the surface/interface elasticity theory and correlated to the electronic properties.
The energy difference E(L x ,L y ) required to reversibly separate an interface into two free surfaces is studied as a function of the cell sizes L x and L y which are related to the in-plane strains
Fe and Au [Eqs. (2) and (3)]. This energy difference is related to the work of adhesion W ad through The energy difference E(L x ,L y ) increases linearly with the in-plane strain Fe . The bonding between Au and Fe is stronger when the system is subject to a positive in-plane strain Fe . Moreover, the energy difference is larger for the system with 2 Au ML than for the system with 8 ML, whatever the in-plane strain. 
Charge transfer
The larger bonding for the 2 Au ML system compared to the 8 ML system in the case of an unstrained Fe slab Fe = 0% has been previously related to the electronic properties of the interface and, more precisely, has been attributed to the very strong coupling between the orbitals of the Fe atoms at the interface and those of the Au atoms at the free surface [8] .
The coupling between the orbitals of the Fe atoms and those of the Au atoms in the vicinity of the interface is related to the charge transfer, which can be evaluated by computing the atomic charges following the Bader approach [23] . For an unstrained Fe slab Fe = 0%, we previously found that this coupling decreases with the distance between the Au atoms at the free Au surface and the Fe atoms in the vicinity of the interface as soon as more than 3 Au layers are deposited.
We here extend the study of the charge transfer to the general case of a strained Fe/Au system. Table I reports the atomic charges for the Fe and Au atoms close to the interface for the two extreme values of the in-plane strain Fe = 0% and Fe = +4.11%. The charges computation only considers the valence electrons so that the Fe and Au atoms charges are, respectively, expected to be 8e and 11e in the bulk unstrained materials. Fe int (resp. Au int ) designates here the Fe (resp. Au) monolayer at the interface in contact with the Au (resp. Fe) atoms, Fe int−1 (resp. Au int+1 ) the monolayer beneath (resp. over) Fe int (resp. Au int ).
The analysis of the Bader charges clearly shows a charge transfer at the interface from the Fe atoms to the Au atoms, independently on the in-plane strain. This charge transfer mainly concerns the Fe and Au atoms in the close vicinity of the interface. In addition, this charge transfer is sensitive to the in-plane strain Fe and more weakly sensitive to the number of Au ML.
For systems with 8 Au ML, the charge transfer on the first two Au layers close to the interface (Au int and Au int+1 ) is equal to +0.291e for Fe = 0% and to +0.319e for Fe = +4.11%. This charge transfer comes from Fe orbitals of atoms in the first Fe layers close to the interface (Fe int and Fe int−1 ). The larger transfer observed when the Fe slab is subject to a positive in-plane strain ( Fe = +4.11%) is consistent with a larger energy difference E (Fig. 6 ) and a smaller interface distance [ Fig. 3(b) ].
For systems with 2 Au ML deposited on the Fe slab, at a given Fe , the charge transfer is slightly more pronounced than for the 8 Au ML system. If these charge transfers are very small (and in the limit of accuracy of the charge estimation using the Bader method), the repartition of this charge transfer on the first layers close to the interface significantly differs for the 2 and 8 ML system. Note also that small discrepancies are observed between the present atomic charges and those presented in Ref. [8] which suggests that these quantities are quite sensitive to the system size and to geometrical constraints (number of layers of each metal, number of fixed layers, etc.).
From this study of the Bader charges, one can conclude that the variation of the energy difference E(L x ,L y ) as a function of the in-plane strain Fe is accompanied by a modification of the charge transfer on the two first Au layers close to the interface, as if the system behaved as a rigid-band model in this specific situation.
Interface energy and stress
In this section, the interface thermodynamic properties are modeled using the surface/interface elasticity theory [11] . To this end, the (15) are specified. Two descriptions, the Eulerian or the Lagrangian one, can be used to do so. In the first case, the area A relates to the deformed interface A = L x L y , while in the second, the area A relates to a reference state area A 0 for the interface. We have decided to work in the framework of the Lagrangian description for all the following calculations.
The energy E (001)Au (L x ,L y ) of a homogeneous Au free slab writes as 
where N Au is the number of Au atoms in the slab, E 
in which the elastic constants, the bulk energy, and the elastic energy per unit volume refer to Fe. The reference slab for the Fe system corresponds to an unstrained Fe slab ( Fe = Fe ⊥ = 0%). Note that we have assumed for simplicity the validity of the linear elasticity theory for the Au and Fe bulk in Eqs. (17) and (19) . However, since the bulk elastic energies terms will cancel in Eq. (21) 
where Au/Fe is the in-plane strain defined with respect to the interface reference state. So, combining Eqs. (16), (18) 
In Eq. (20), the unstrained Fe (resp. Au) slab has been taken as a reference for the Fe (resp. Au) part of the Au/Fe system. Since there is no natural choice for the interface reference state, two reference systems will be considered in the following: the unstrained Au slab and the unstrained Fe slab. Of course, these two descriptions using two different reference systems are fully equivalent and describe the same physical system.
In the following, to unambiguously define an interface quantity B (B ∈ {γ system. The surface energies of (001)Au and (001)Fe and the surface stress of (001)Au have been computed previously and are equal to 873, 2478, and 1836 mJ/m 2 , respectively [8] . The surface stress of (001)Fe has been computed following the same protocol used for (001)Au in Ref. [8] and is equal to 1328 mJ/m 2 . Table II reports the interface thermodynamic properties using both Au or Fe reference states. As already suggested, the thermodynamics properties of the interface described using the Au and Fe reference states are related since they describe the same physical system. From Eqs. (22) and (23), The interfacial energy E int is defined in the following: Fe using the Fe reference) presents an interfacial energy of E int = 338 meV. These two interfacial energies agree fairly well with an estimation obtained following the approach of Ref. [24] , giving a value of 0.5 mJ/m 2 [25] . Moreover, the interfacial energy is found to be lower when the Fe substrate is subject to a positive in-plane strain, and the Au slab is undeformed. This result agrees with the more important charge transfer that was found in this case (see Table I ) and with the negative value of the interface stress: The presence of the interface tends to expand slightly the Fe/Au system in the [100] and [010] directions.
D. Effect of the interface/surface stresses on the strain field of a nanoparticle
In this section, the effect of the surface and interface stresses on the strained state of a Fe@Au core-shell nanoparticle in vacuum is evaluated using a simple model. Our aim here is to establish an order of magnitude of the deformation induced by the surface and interface stresses in the nanoparticle as a function of the size of the nanoparticle and of the ratio between the Au and Fe volumes. In order to do this evaluation, we make the following crude approximations:
(1) The nanoparticle has a spherical symmetry: both Fe core and nanoparticle are spherical with the same center and D Fe and D NP (D Fe < D NP ) are their respective diameters.
(2) The strain field is homogeneous in the Fe core and Au shell.
(3) The elastic energy of the nanoparticle is described in the framework of the linear elasticity theory.
(4) Thermodynamic surface and interface properties are independent of their crystalline orientation.
(5) At the Au/Fe interface, there is an epitaxial relationship of the type Au(001)/Fe(001) as if the interface was planar.
(6) Surfaces or interface energies and stresses are independent of the Au shell thickness and are described by those of the planar Au(001) free surface and by the planar Au(001)/Fe(001) interfaces. Within these approximations, the total energy E NP ( Fe ) of a Fe@Au nanoparticle as a function of the in-plane strain writes as ] Fe refer to the unstrained Fe core volume and to the Au/Fe interface area. Here, since we assume an epitaxial relationship of the type Au(001)/Fe(001) at the Au/Fe interface as if it was planar, the meaning of other quantities, defined previously for a slab, transposes straightforwardly to the case of the nanoparticle.
In Appendix, the total energy E NP ( ) of the nanoparticle is specified. The in-plane Fe strain Fe that minimizes this energy is given by
where the following quantities were defined: Fig. 7 (a) which underlines some surface or interface effects. The surface or interface effects compress the nanoparticle analogously to the pressure increase inside a soap bubble (Laplace law): such effect has already been experimentally and theoretically observed in metallic nanoparticles [26, 27] . The surface and interface effects are directly related to the difference between Fe and [ Fe ] bulk . In order to precisely evaluate the relative weight of the surface and interface effects on the in-plane Fe strain, Fig. 7(b) reports the surface to bulk λ and interface to bulk μ contribution ratios:
Surface stress effects are found to be significant as soon as the nanoparticle diameter is smaller than 20 nm: |λ| > 0.1 for D NP < 20 nm. They become comparable to the elastic bulk ones for nanoparticles with a diameter of 2.3 nm (λ = −1 for D NP = 2.3 nm) and predominant below this diameter.
In turn, interface stress effects have a small contribution on the in-plane Fe strain compared to the surface ones except for small nanoparticles. The interface stress effects contribution represent less than 5% of the surface effects contribution (| μ λ | < 0.05) for D NP > 2.3 nm. However, these interface effects become significant for very small nanoparticles and are no longer negligible (μ > 0.1 for D NP < 1.9 nm).
The effects of the Fe to Au volume ratio for a nanoparticle of fixed diameter are now investigated. Figure 8 The diameter D Fe is varied from ∼0 to 7.6 nm. The in-plane strain is a decreasing function of the core diameter D Fe . Eluding the surface and interface effects, the Fe to Au volume ratio increases with the core diameter D Fe and thus the elastic bulk effects of the Au shell decrease in agreement with the decrease of [ Fe ] bulk . In Fig. 8(b) , the relative contributions of the surface λ and interface μ effects to the in-plane Fe strain, compared to the bulk contribution, are shown as a function of the Fe core diameter. The surface contribution is significant |λ| > 0.25 for all investigated core diameters. This result agrees with the above conclusion: Surface stress effects are significant as soon as the nanoparticle diameter is smaller than 20 nm. Moreover, the surface effects contribution increases (in absolute value) with the Fe core diameter in agreement with the decrease of the Au shell volume with D Fe , while the Au surface A Au is independent of D Fe .
Finally, the interface effects contribution μ compared to bulk ones increases with D Fe . Indeed, the Au to Fe volume ratio and thus the bulk contribution decrease with D Fe while the Fe interface area [A Au/Fe 0 ] Fe increases. The contribution of interface effects, although always smaller than the surface one, represents more than 5% of the surface contribution for D Fe > 4 nm and should therefore not be neglected in a rigorous calculation.
As already mentioned, this model is very simplified and suffers from several assumptions. First, for a nanoparticle with D NP ≈ 2 nm and D Fe = 1 nm in Fig. 7 or D NP ≈ 8 nm and D Fe = 7 nm in Fig. 8 , the Au shell typically corresponds to about 2 ML so that the approximations of the present simple model (spherical core and shell, surface and interface energies and stresses independent on the Au layer thickness and on the surface orientation) become more questionable. Especially, we previously showed that surface and interface energies and stresses are not independent on the Au shell thickness below a 3 Au ML [8] . Nevertheless, we believe that the correction induced by these physical ingredients would not significantly alter the surface and interface effects contribution to the inplane Fe strain.
Second, the evolution of the Fe in-plane strain was computed with numerical values for the mismatch of +3.95% between Au(001) and Fe(001) extracted from DFT-PBE calculations which overestimates by a factor 6 the experimental one 0.66%. Comparing the surface to bulk λ expt and interface to bulk μ expt contribution ratios using the experimental lattice parameters, and assuming all other calculated quantities (surface and interface energies and stresses) accurate, we find that
where ρ PBE = ρ = 0.960 41 and ρ expt = 0.993 42. A subscript PBE has been added here to all the DFT calculations quantities. We find that λ expt /λ PBE ≈ 6.0 and μ expt /μ PBE ≈ 5.8 whatever the nanoparticle diameter. Hence, within these assumptions, the surface and interface effects are expected to be even more important than the above calculated ones. Note that if we have assumed that the calculated surface and interface stresses are comparable to the experimental ones, even an error of ≈50% on the surface and interface stresses would not change this conclusion.
Finally, we made the crude approximation of a homogeneous strain in the nanoparticle and that both the spherical core and the nanoparticle have the same center. However, an inhomogeneous strain or an asymmetrization of the core position would presumably relax the core stress by decreasing the bulk elastic energy [28] of both the Fe and Au systems while, in the mean time, surface and interface energies would not be drastically modified. A consequence of an asymmetric core position would thus be an increase of the surface λ and interface μ effects to the in-plane Fe strain.
As a net result of this discussion on the regardless physical ingredients of our crude model, we conclude that the relative contributions of the surface λ and interface μ is certainly underestimated in our simple model.
IV. CONCLUSION
Using first-principles calculations based on DFT, we have investigated the structural, magnetic, and thermodynamic properties of the Au(001)/Fe(001) interface subject to an in-plane strain for two Au slab thicknesses: 2 and 8 ML. The structural properties and especially the perpendicular strain in the system through the relative interlayer distance have been investigated. Our calculations show that the interlayer distance at the interface Au(001)/Fe(001) decreases with the in-plane strain, suggesting a tendency for (001)Au to bind more strongly to (001)Fe when the Fe slab is in tension. The atomic magnetic moments of Fe atoms at the surface and at the interface, due to the reduced numbers of Fe first neighbors are enhanced compared to bulk ones and are found to be independent on the in-plane strain. Inside the Fe slab, the atomic magnetic moments of the Fe atoms increase with the in-plane strain in agreement with the increase of the average first-neighbor Fe-Fe distance. Finally, the interface energy and stress characterizing the thermodynamic properties of the interface have been calculated and subsequently used in a simple model developed in order to evaluate the strain state of an ideal spherical Fe@Au core-shell nanoparticle. The surface elastic effects are found to be significant for nanoparticles of diameter smaller than ∼20 nm and predominant for diameters smaller than ∼2.3 nm. Interface elastic effects are weaker than surface elastic effects but can not be neglected for very small nanoparticles ( 1.9 nm) or for thin shells. Nevertheless, this model is very simple and omits several significant physical ingredients, which effects need to be evaluated by further calculations. Aside from the cited ones, the effect of a matrix or a liquid surrounding the nanoparticle has not been considered and would ask the determination of the elastic properties of the interface between the shell and this surrounding medium.
Finally, if these conclusions are dependent of the specific properties of the metals investigated in this study, they show that the interface and surface elastic effects can not be neglected when studying small core-shell nanoparticles, and that they can even become the predominant effects compared to elastic volume effects.
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APPENDIX
In this appendix, the total energy of the spherical core-shell nanoparticle in the simple model is specified in the Fe reference and is then minimized with respect to the Fe strain state Fe . Using Eqs. (17) and (19) , 
